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Introduction 16
A diverse array of essential physiological processes, ranging from the subcellular to the multicellular, 17 depend on the spatial and temporal regulation of contractile forces 1-4 . This regulation drives changes in 18 cell shape 5,6 and mediates interactions with the extracellular environment 7, 8 . Changes in contractility 19 can furthermore alter gene expression 9 and impact development 10, 11 . The molecular machinery 20 required for generating contractile forces is well conserved and dominated by the actin cytoskeleton, 21 myosin II activity and associated regulatory proteins 4,12,13 . Specifically, actin filaments dynamically 22 organize into distinct contractile architectures, including the cortex and stress fibers 14, 15 . Contractile 23 forces are transmitted across the cell by actin arrays and ultimately to the extracellular matrix by focal 24 adhesions 12, 13, 16, 17 . 25
26
The regulation of cellular force transmission is controlled by the mechanical properties of actomyosin 27 assemblies. Cellular mechanics has been explored extensively both experimentally 14,18-20 and 28 theoretically [21] [22] [23] . The current understanding is that, at time scales up to those of typical kinetic 29 the RhoA specific guanine exchange factor (GEF) LARG induces local RhoA activation 6,35-37 . Local 48 activation of RhoA leads to an increase in actin polymerization and myosin activity in the region of 49 activation, but it does not stimulate de novo stress fiber formation or changes in focal adhesion 50 morphology. We find that exogenous RhoA activation leads to an immediate increase in both the local 51 and global contractility of the cell, followed by a rapid relaxation after GEF recruitment is stopped. The 52 local increase in stress fiber contractility drives an actomyosin flow towards regions of increased RhoA 53 activity. Surprisingly, these flows reverse direction as soon as GEF recruitment ceases. Using physical 54 modeling, we show this behavior is consistent with stress fibers behaving as predominately elastic-like 55 over time scales much longer than minutes. We find that zyxin is necessary for this elasticity; in its 56 absence, stress fibers become predominately fluid-like even at second time scales. These results 57 suggest that stress fiber mechanics is sensitive to small changes in composition, which has significant 58 implications for regulation of force transmission and cytoskeletal organization. 59 60 Results 61
Spatiotemporal control of RhoA and its downstream effectors 62
To spatially and temporally control contractility in adherent cells, we adapted a previously established 63 optogenetic probe 6, 35 to act on the RhoA signaling pathway (Figure 1a Interestingly, local activation of RhoA did not lead to de novo stress fiber assembly in the activation 78 region (Figure 1e and Supplementary Movie 2). At the end of the activation period, fluorescence 79 intensities of both actin and myosin returned to baseline levels. These results indicate that exogenous 80
RhoA activation via LARG recruitment is not sufficient to maintain elevated RhoA activity and the 81 concomitant increases in local actin and myosin concentrations. To confirm that local activation of 82
RhoA was acting on actin and myosin through its downstream effectors, formin and ROCK, the 83 experiments were repeated in the presence of either SMIFH2, a pan formin inhibitor 38 , or Y-27632, a 84
Rho-associated Kinase inhibitor ( Figure 1h ). Local recruitment of actin and MLC were significantly 85 inhibited by the presence of SMIFH2 and Y-27632, respectively. These results illustrate that RhoA 86 activity and recruitment of its downstream effectors can be spatially and temporally controlled via 87 light. 88 89 Adhesion morphology is unperturbed by local RhoA activity 90
Previous work has suggested that focal adhesion formation and maturation are tension dependent 91 processes driven by increased RhoA activity at adhesion sites 27, 28, 39 . To test these hypotheses we 92 examined how local RhoA activation affected traction forces and focal adhesions. Cells expressing 93 mCherry-vinculin, a marker of focal adhesions, were plated on polyacrylamide gels coated with 94 fibronectin and traction stresses were measured via Traction Force Microscopy (Figure 2a S1). Too much illumination, however, results in adhesion failure and detachment from the substrate 101 ( Supplementary Fig. S2 ). As the adhesions and stress fibers are fully formed already in these cells, the 102 lack of change in adhesion morphology is consistent with previous results showing that adhesion size 103 and tension are correlated during the initial growth phase of the adhesion 42 , and that adhesion 104 maturation is driven by proximal actin stress fiber assembly 43 . 105
106
To determine the effect of local RhoA activation on the overall contractility of the cell, we used traction 107 force microscopy to measure the total strain energy, which reflects the amount of mechanical work 108 done by the cell on its environment 44 . Activation induced a rapid increase in both traction stresses and 109 strain energy (Figure 2b,c) . At the end of the activation period, the strain energy decreased to their 110 original baseline values ( Figure 2c ). Interestingly, traction stresses were mostly seen to increase at the 111 cell periphery, where traction stresses were already established, and in areas immediately adjacent to 112 the activation region. No change was seen in the activation area itself (Figure 2b ). This suggests that 113 locally generated forces balance within the activation region and only unbalanced forces at the edge of 114 this region are turned into productive traction forces. Thus, a local increase of tension leads to globally 115 distributed traction forces at pre-existing focal adhesions. 116 117
Cells maintain a contractile set point 118
That cells return to a similar baseline contractility following a period of exogenous RhoA activation is 119 consistent with previously established ideas of tensional homeostasis 44-47 . To explicitly probe this 120 behavior, we performed a series of local activations of different sizes on a single cell (Figure 2e and 121 Supplementary Movie 5). After measuring the strain energy at an initial steady state, a cell was 122 exposed to three 15 min periods of local RhoA activation of increasing size with relaxation periods 123 between each activation (Figure 2e and long-range stresses at the cell periphery could be seen to increase (Figure 2e ). Following each 126 activation, the strain energy returned to the initial baseline level (Figure 2f ). 127
128
To elucidate the underlying mechanical principles, we built a physical model that would capture this 129 physical response. We constructed a model of the cell as a continuum of contractile elements in series, 130 each with one elastic and one viscous element in parallel ( Figure 2g ). Such a model is known as an 131 "active Maxwell fluid" and is used here because we are interested in long time scales, when the system 132 is expected to flow 21,25,48 . Contractility was assumed to increase with an exponentially plateauing ramp 133 in the activated region, consistent with the observed accumulation profiles for actin and myosin 134 ( Figure 1g ), and the substrate was represented as an elastic spring coupled to the cell by a friction 135 element. The model parameters for the elastic modulus, viscosity, friction and contractility were found 136 by fitting the model to the strain energy data, while the value of the substrate stiffness was fixed. This 137 procedure resulted in a curve in good agreement with the experimental data ( Figure 2f ). 138
139
We find that both the viscous and elastic elements are necessary to accurately capture the behavior of 
Stress fibers contract independent of the background network 150
To investigate the cytoskeletal architectures that give rise to this strong contractility, we tracked 151 myosin dynamics during local RhoA activation. In the steady state, as new actomyosin is polymerized 152 and incorporated into stress fibers, there is a retrograde flow of actomoysin from the periphery 153 towards the cell center 15,17 . Using particle image velocimetry (PIV) 49,50 we measured both the local 154 direction and magnitude of myosin flow. We found that myosin flow rates along the stress fiber 155 increased as myosin accumulated in the activation region creating a local contraction, and that this 156 flow was directed along the orientation of the stress fibers spanning the activation region ( Figure 3a The cytoskeleton of a strongly adherent cell is typically thought to be a 2D material comprised of stress 162 fibers embedded in an isotropic cortex 41,51,52 . Since flows induced by local RhoA activation appear to 163 track the orientation of the stress fibers (Figs. 3a,b and S2), we sought to address the relative 164 contractile contributions of the stress fibers and the actin networks. We therefore built a 2D discrete 165 model analogous to the 1D continuum model described above (Figure 3c ). The model consists of a 166 triangular mesh with the contractile elements again connected in parallel to the viscous and elastic 167 elements, with lines of increased contractility representing the stress fibers. Using a simple rectangular 168 cell, we first verified that, without stress fibers, this model recapitulates the results from the one-169 dimensional continuum model ( Figure 3d ). Similar to the 1D model above, the contractile components 170 in a region in the center of the cell were slowly increased with an exponentially plateauing ramp. The 171 parameters were then adjusted so that the model both qualitatively and quantitatively recapitulated 172 the expected flow patterns of the 1D continuum model (Figure 3d ). 173
174
To explore the relative contributions of the background mesh and the stress fibers, we considered two 175 test cases: (1) If both the mesh and the stress fibers contained contractile elements, the stress fibers 176 Having identified the stress fiber as the main contractile unit responding to exogenous RhoA activation, 188 we next sought to address whether stress fibers undergo deformation during contraction. Since stress 189 fibers can be considered as 1D structures, we analyzed myosin flow along the fiber using kymographs. 190
A kymograph drawn along a single stress fiber illustrates that myosin puncta flowed from both ends 191 towards the activation regions when RhoA was activated locally (Figure 4a -b, Supplementary Fig. S5 ). 192
Similarly, a kymograph drawn by projecting the flow speed along the stress fiber from the velocity field 193 created by our PIV analysis illustrates even more clearly how cytoskeletal flow was perturbed by local 194
RhoA activation. Flow of myosin from both ends of the stress fiber reoriented towards the recruitment 195 regions and increased from ~1 nm/s on average to more than 3 nm/s during activation ( Figure 4c and 196 Supplementary Fig. S5 ). Strikingly, the flow was also seen to reverse direction, flowing away from the 197 recruitment region and towards the cell periphery, during the relaxation period following the local 198 activation (Figure 4b,c ). This flow reversal is reminiscent of the restoring force in elastic objects that 199 restores its original shape after removal of external force (e.g. recoil of an elastic band after stretch). In 200 active systems, flow reversal could also arise from spatial variations in tension. Specifically, this would 201 either require the myosin stress within the activation region to fall below its pre-activation level or 202 increased myosin activity distal to the activation site. However, we do not observe such changes in 203 actomyosin density, indicating a passive elastic-like element may be sufficient in describing this recoil. was determined from the slope of the tracks in the kymograph and plotted as a function of distance 219 from the activation zone ( Figure 4g ). Puncta along the stress fiber moved at similar speeds, indicating 220 that, in general, the stress fiber was translating as a rigid rod during the local contraction ( Figure 4g ). 221
Where present, changes in velocity between neighboring puncta were abrupt (blue arrow Fig 4g) , 222
suggesting points of structural failure along a fiber. These results indicate that the strain induced in the 223 stress fiber is restricted to the local contraction in the activation region and discrete sites of extension 224 in regions outside the activation region. 225
226
By fitting the experimental kymographs to both our 1D continuum and 2D discrete models, we show 227 that similar flow patterns emerge naturally from the mechanics of the system (Figure 4h ). The high 228 elasticity of the stress fiber, specifically the ratio of elasticity to viscosity, is sufficient to recapitulate 229 the flow profiles that were seen during both RhoA activation and relaxation. Furthermore, the 230 parameters found from the kymograph fitting process were consistent with the parameter values 231 found when fitting the strain energy (Table 2) . 232
233
Zyxin is recruited to sites of strain on stress fibers 234
In order to probe the underlying molecular basis of this elasticity, we sought to identify stress fiber-235 associated proteins that could contribute to the recoil behavior. Zyxin has been previously established 236 as a mechanosensitive protein that dynamically localizes to sites of strain along stress fibers 53,54 , in 237 addition to focal adhesions 55 . Using cells expressing mCherry-zyxin, we monitored zyxin activity during 238
RhoA activation (Figure 5a and Supplementary Movie 9). Zyxin recruitment was consistently observed 239 in a small population of focal adhesions outside of the local activation region (Figure 5b) . Surprisingly, 240
we found that zyxin also accumulated along stress fibers in the region of local activation (Figure 5c,d) . 241
Given the myosin accumulation and direction of flow, this suggests that zyxin might be recruited to 242 both sites of compression and extension. Paxillin, another mechanosensitive LIM domain protein that 243 responds to stress 56,57 , behaved similarly to zyxin ( Supplementary Fig. S4 ). 244 245
Zyxin is required for stress fibers to behave elastically 246
To further explore the role of zyxin in stress fiber mechanical behavior we used mouse embryonic 247 fibroblast cells derived from zyxin -/mice 58 . Despite the loss of zyxin, these cells form actin stress fibers 248 and focal adhesions and are highly contractile 59 . When we locally activated RhoA in the zyxin -/cells, 249 myosin accumulated in the activation region (Figure 5e and Supplementary Movie 10). This 250 accumulation drove a contractile flow into the local activation area that was indistinguishable from 251 wild type cells, indicating that loss of zyxin did not impede myosin activity. Upon stopping the GEF 252 recruitment in zyxin -/cells, cytoskeletal flow returned to pre-activation rates, consistent with the 253 reduced local contraction, but did not reverse direction (Figure 5e -f,i, Supplementary Fig. S5 , and 254 Supplementary Movie 10). Expression of EGFP-zyxin in this cell line restored the flow reversal ( Figure  255 5g-i, Supplementary Fig. S5 and Supplementary Movie 11). Together these results indicate that zyxin is 256 required for the flow reversal occurring after local RhoA activation ends. 257
258
Using the kymographs produced in the zyin -/and zyxin -/-+EGFP-zyxin cells, we again fit the data to our 259 mechanical model (Figure 5j -l, Supplementary Fig. S6 ). For the zyxin -/cells, we found the viscoelastic 260 relaxation time reduced to 1 sec, indicating that the stress fibers are predominately fluid-like at all 261 physiological time scales. Rescue of the zyxin -/cells with EGFP-zyxin resulted in parameter fits that 262 were consistent with the NIH 3T3 fibroblast data. Zyxin is thus important for maintaining the 263 qualitative mechanical response of stress fibers, ensuring they are predominately elastic at ~1 hr time 264
scales. 265 266
Discussion 267
This study demonstrates that the mechanical behavior of adherent cells is strongly shaped by stress 268 fibers and their ability for rapid force transmission even in the face of molecular turnover and flow. 269
Using an optogenetic probe to locally activate RhoA via recruitment of the DH domain of LARG, a RhoA 270 specific GEF, we find that we can stimulate a local contraction in stress fibers due to an increased 271 accumulation of actin and myosin in the activation area ( Figure 6, 1) . This local contraction causes a 272 tension gradient at the boundaries of the activation region and a flow towards it ( Figure 6 This elastic behavior is dependent on zyxin. Previous reports have shown that zyxin localizes along the 280 stress fiber at the interface of the adhesion 60,61 . This positioning suggests that previously reported 281 zyxin mediated stress fiber repair mechanisms 56,59 are also occurring at the adhesion interface as actin 282 is assembled and is incorporated into the stress fiber while under tension. The localization of zyxin to 283 potential sites of compression, however, is novel. While it is known that the LIM domain of zyxin is 284 sufficient for localization 62 , the exact mechanism through which zyxin recognizes sites of strain remains 285 unknown. 286
287
These data further illustrate that RhoA activity and its downstream effectors are tightly regulated by 288 the cell. We see no evidence that RhoA activation alone leads to de novo stress fiber formation or 289 adhesion maturation. Instead these processes likely result from concurrent changes in cytoskeletal 290 architecture 43,63 . More interestingly, the data suggest cells regulate total RhoA activity to maintain a 291 constant homeostasis [44] [45] [46] [47] . Specifically, the relaxation kinetics of the downstream effectors match the 292 kinetics of the optogenetic probe 35 , thus indicating that there is no positive feedback loop whereby 293 production of RhoA•GTP alone is sufficient to promote further activation of RhoA. To sustain a given 294 contractile state, therefore, the cell must actively regulate and maintain a specific RhoA•GTP 295 concentration. 296 297 By using an optogenetic approach to perturb the local mechanical balance within the cell, we were 298 able to probe the material properties of the cytoskeleton in ways previously inaccessible. It is 299 instructive to consider our results within the context of other approaches that probe stress fiber 300 mechanics. One such method is the cyclic stretch of an elastic substrate, in which Rho-activation is 301 involved in reorienting the cell and its stress fibers away from the direction of stretch 64 . It has been 302 argued that the reorientation response might result from a homeostatic set point, that is either 303 passive 65 or active 66 in nature, which is consistent with our experimental results. Another interesting 304 comparison can be made with severing of stress fibers via laser ablation 53,67-69 . In severing experiments, 305 the mechanical stability of the fiber is compromised while myosin activity on the remaining portion 306 remains unchanged, thus driving a large contraction over seconds. By contrast, we probe the response 307 to small perturbations in tension along an intact stress fiber over tens of minutes. As a result of the 308 differences between the two setups, these experiments are probing different types of stress fiber 309 mechanical response. In contrast to severing experiments, where sarcomeres have been reported to 310 collapse to a minimal length following a reduction in tension 68 , we do not see changes in the spacing of 311 the sarcomeric structure of crosslinkers in the fiber during the increase in tension driven by local RhoA Contraction is driven by the local accumulation of myosin in the region of activation, but the origin of 319 the elastic-like recovery is less clear. We see no evidence of additional myosin accumulation in distal 320 portions of the stress fiber during the relaxation, suggesting that the recoil arises from zyxin-mediated 321 repair mechanisms within stress fibers. This is further supported by the fact that the zyxin -/cells 322 exhibit identical contractile behavior, but none of the elastic recoil. Zyxin is known to recruit actin 323 polymerization factors like VASP and actin crosslinkers like alpha-actinin 59 and these interactions might 324 be essential to ensure mechanical integrity of stress fibers. The molecular detail of these protein 
Focal adhesion analysis 396
Images were thresholded and segmented to create binary masks using MATLAB. Adhesion masks were 397 filtered to exclude adhesions smaller than 0.4 µm 2 due to the inability to segment them consistently. 398
The binary mask was then used to calculate the total number and average fluorescence intensity of 399 adhesions in each frame. These masks were also used to calculate the average stress under the 400 adhesions. To calculate the percentage of adhesions which increased in intensity or stress during 401 activation, we compared the maximum intensity of the adhesion during activation to the intensity 402 immediately prior to activation. Adhesions were considered to have shown an increase in either 403 intensity or stress if the magnitude of the increase was greater than 10%. 404 405
Kymograph and local displacement analysis 406
Kymographs were created in MATLAB by drawing lines along stress fibers and averaging across a width 407 of 9 pixels. Local displacement was determined by locating a feature 5µm from the edge of the 408 activation zone in a kymograph immediately prior to activation. The location of this feature was then 409 tracked and recorded following the 15 minute period of activation, and then again following 15 410 minutes of relaxation. 411 412
Cytoskeletal flow analysis 413
Images were first corrected for bleaching and then filtered with a 3D Gaussian filter to remove noise. 414 Traction force microscopy was performed as described previously 40,41,44 . Briefly, polyacrylamide gels 428 embedded with 40-nm fluorescent microspheres (Invitrogen) were polymerized on activated glass 429 coverslips. The shear modulus of the gels used in these experiments was 8.6 kPa. Following 430 polymerization gels were washed with PBS and crosslinked with the extracellular matrix protein 431 fibronectin (Millipore, Billerica, MA) using the photoactivatable crosslinker sulfo-sanpah (Thermo 432
Fisher Scientific). Cells were plated and allowed to spread for at least 4 hours prior to imaging as 433 described above. 434
435
Following imaging, cells were removed from the substrate using 0.5% sodium dodecyl sulfate and a 436 reference image of the fluorescent beads in the unstrained substrate was taken. The image stack was 437 then aligned to correct for drift and compared to the reference image using particle imaging 438 velocimetry to create a displacement field with a grid spacing of 0.86 µm. Displacement vectors were 439 filtered and interpolated using the Kriging interpolation method. Traction stresses were reconstructed 440 via Fourier Transform Traction Cytometry 40,76 , with a regularization parameter chosen by minimizing 441 the L2 curve 41 . The strain energy was calculated as one half the integral of the traction stress field 442 dotted into the displacement field 44 . 
